In marine oxygen deficient zones (ODZs), which contribute up to half of marine N loss, microbes use nitrogen (N) for assimilatory and dissimilatory processes. Here, we examine N utilization above and within the ODZ of the Eastern Tropical North Pacific Ocean, focusing on distribution, uptake and genes for the utilization of two simple organic N compounds, urea and cyanate. Ammonium, urea and cyanate concentrations generally peaked in the oxycline while uptake rates were highest in the surface. Within the ODZ, concentrations were lower, but urea N and C and cyanate C were taken up. All identified autotrophs had an N assimilation pathway that did not require external ammonium: ODZ Prochlorococcus possessed genes to assimilate nitrate, nitrite and urea; nitrite oxidizers (Nitrospina) possessed genes to assimilate nitrite, urea and cyanate; anammox bacteria (Scalindua) possessed genes to utilize cyanate; and ammonia-oxidizing Thaumarchaeota possessed genes to utilize urea. Urease genes were present in 20% of microbes, including SAR11, suggesting the urea utilization capacity was widespread. In the ODZ core, cyanate genes were largely (∼95%) associated with Scalindua, suggesting that, within this ODZ, cyanate N is primarily used for N loss via anammox (cyanammox), and that anammox does not require ammonium for N loss.
INTRODUCTION
Nitrogen (N) is essential for all living organisms and in 70% of the surface ocean, primary production is limited by its availability (Moore et al. 2013) . In oxygen deficient zones (ODZs), where vanishingly low oxygen concentrations restrict aerobic processes, sinking organic matter fuels the anaerobic conversion of fixed N to dinitrogen (N 2 ) gas resulting in N loss from the oceans Chang et al. 2014) . Pelagic ODZs constitute <1% of the ocean volume, but they are responsible for 30%-50% of marine N loss through denitrification and anaerobic ammonium oxidation (anammox) (DeVries et al. 2013) . The Eastern Tropical North Pacific (ETNP) ODZ is the largest marine ODZ by volume and accounts for 41% of marine anoxic waters by area (Paulmier and Ruiz-Pino 2009) .
In the oxic ocean, the microbial community, including phytoplankton, can take up and assimilate inorganic N (ammonium, nitrate and nitrite), as well as dissolved organic N (DON) compounds such as dissolved free amino acids, urea and cyanate (OCN − ) (Sipler and Bronk 2015; Widner, Mulholland and Mopper 2016) . Organisms generally preferentially take up reduced N, which includes ammonium and organic N, because assimilation of reduced N avoids the costly reduction steps required to assimilate oxidized forms of N, such as nitrate and nitrite (Mulholland and Lomas 2008; Glibert et al. 2016) . Urea and ammonium together often represent >50% of all N taken up in marine, coastal and estuarine systems (Mulholland and Lomas 2008; Sipler and Bronk 2015) . Urea can be taken up using an ABC-type transporter common in prokaryotes (urtABC), a transporter found in unicellular photosynthetic eukaryotes (DUR3) and some more general transporters (Solomon et al. 2010) . The enzyme urease (ureABC) decomposes urea intracellularly, producing one mole of carbonic acid (H 2 CO 3 ) and two moles of ammonia (NH 3 ) (Solomon et al. 2010 ) that can then be assimilated. Urease is found in many eukaryotic phytoplankton and one third of prokaryotic genomes including those of cyanobacteria Synechococcus and Prochlorococcus (Solomon et al. 2010 ) and nitrite-oxidizer Nitrospina (Pachiadaki et al. 2017) . Urea is primarily produced during microbial degradation of organic matter, but is also released through zooplankton and other animal excretions (Antia, Harrison and Oliveira 1991; Sipler and Bronk 2015) .
A primary degradation product of urea, cyanate (Dirnhuber and Schutz 1948) can also be taken up by natural microbial communities, and its uptake accounted for up to 10% of total measured N uptake in the euphotic zone of the oligotrophic Western North Atlantic and a smaller fraction of N uptake in the coastal Western North Atlantic (Widner, Mulholland and Mopper 2016; Widner and Mulholland 2017) . Cyanate uptake in the euphotic zone has been attributed to assimilation by cyanobacteria, in particular, Synechococcus and Prochlorococcus, because some isolates from these groups are known to have the genes for a cyanate specific transporter (cynABD) and an intracellular cyanate hydratase (cynS) (Palenik et al. 2003; Rocap et al. 2003; Kamennaya and Post 2011) . Interestingly, cynA was not detected in the coastal Western North Atlantic where cyanate uptake was observed suggesting that cyanate may be taken into microbes using transporters that remain to be identified (Widner and Mulholland 2017) (A. Post pers. comm.) . CynX is one such putative cyanate transporter, which has been identified in an aquatic bacterium, Chromobacterium violaceum, and a marine ammonia oxidizing bacterium, Nitrosococcus oceani (Anderson, Sung and Fuchs 1990; Pao, Paulsen and Saier 1998; Carepo et al. 2004; Klotz et al. 2006) . Cyanate can be produced photochemically and through the degradation of organic matter (Widner, Mulholland and Mopper 2016) . The exact production pathways are unknown, but cyanate can form from the abiotic decay of urea and carbamoyl phosphate (Dirnhuber and Schutz 1948; Allen and Jones 1964) .
Within ODZs, N must be taken up to meet the nutritional demands of the microbes that live there, but N compounds are also used dissimilatorily to generate energy by some microbes. The latter include microaerophilic ammonia and nitrite oxidizers (Peng et al. 2015) and anammox bacteria (Dalsgaard, Thamdrup and Canfield 2005) . In much of the mesopelagic including within ODZs, ammonium is below the limit of analytical detection using the standard indophenol spectrophotometric analysis (0.1 μM) (Garcia et al. 2013) . This may create a niche for organisms that can utilize organic N compounds in place of ammonium. Some ammonia-oxidizing Thaumarchaeota can oxidize urea or cyanate N in place of ammonia (Koops and Pommerening-Röser 2001; Alonso-Sáez et al. 2012; Qin et al. 2014; Palatinszky et al. 2015) . In ODZs, anammox is a chemoautotrophic process, in which ammonia is oxidized to N 2 using nitrite as the electron acceptor. In marine ODZs, Scalindua spp. bacteria mediate anammox (van de Vossenburg et al. 2013) , and rates of cyanate-and urea-supported anammox were recently detected in the Eastern Tropical South Pacific (ETSP) ODZ (Babbin et al. 2017) even though cyanate and urea concentrations were generally below the limit of analytical detection there (Widner, Mordy and Mulholland 2017) . While dissimilatory N processes have been well studied in ODZs, assimilation of N in ODZs has not been well examined. Uptake of N from ammonium, urea and cyanate were measured in the ETSP ODZ and those rates were similar to rates of N loss (Widner, Mordy and Mulholland 2017) . While uptake rates likely represent uptake for assimilation of N into biomass, they could also reflect intracellular storage of substrates for dissimilatory processes.
In this study, we measured ammonium, urea and cyanate concentrations above, within and below the ETNP ODZ and uptake of these compounds above and within the ODZ. We also analyzed a 10-depth metagenomic profile at an offshore station within the ETNP ODZ area and report the taxonomic identity and relative abundance of genes for the utilization of reduced N compounds at the upper oxic/anoxic interphase and within the ODZ of the ETNP.
MATERIALS AND METHODS

Sample collection and measurement of dissolved nitrogen compounds
Samples from the ETNP were collected in April 2012 during cruise TN278 aboard the R/V Thomas G. Thompson between 14 and 23 • N and −103 and −112 • W using a Seabird 911 CTD (conductivity, temperature, depth) equipped with a Seabird SBE 43 dissolved oxygen sensor, a WETLabs ECO Chlorophyll fluorometer and a Biospherical/Licor photosynthetically active radiation (PAR)/irradiance sensor attached to a rosette of 24-10L Niskin bottles. Dissolved oxygen concentrations were also measured using a highly sensitive STOX sensor (detection limit 7 nM), and that data is presented in another publication (Tiano et al. 2014) . At 38 stations samples were collected from a single CTD cast. Additionally, two "process" stations (BB1 and BB2) were each occupied for five days during which samples were collected from multiple CTD casts (Fig. 1 ). Hydrographic and nutrient data, including ammonium data collected using the phenol method, from the cruise are deposited online (Devol 2013) . CTD casts are indicated with white dots, and multi-day stations BB1 (including casts 106-127) and BB2 (including casts 137-160) are indicated with white stars. Chlorophyll a data is from NASA MODIS Aqua (mean concentration for April 2012) (Acker and Leptoukh 2007; NASA Goddard Space Flight Center 2012) , the coastline is from the NOAA database (Wessel and Smith 2012) , and the m map package for MATLAB was used to prepare the figure (Pawlowicz 2018) .
Vertical profiles of ammonium concentrations were measured using the indophenol method (detection limit, 120 nM) (Solorzano 1969 ) on a nutrient autoanalyzer at all stations and using the more sensitive ortho-phthaldialdehyde (OPA) method (detection limit, 10 nM) (Holmes et al. 1999) at 18 of those stations. Vertical profiles of urea and cyanate concentrations were measured at 14 and 15 stations, respectively, and low resolution profiles were taken at additional stations where uptake of these compounds was also measured.
Nutrient samples (nitrate, nitrite and indophenol ammonium) were filtered (GF/F filters, nominal pore size 0.7 μm) and stored in acid-washed bottles for less than 24 hours at 4
• C prior to their analysis. Nutrient analyses were performed aboard the ship using a Technicon AAII system as described by the World Ocean Circulation Experiment (WOCE) Hydrographic Program protocol (Gordon et al. 1993) . Detection limits on this cruise were 0.02 μM for nitrite and 0.15 μM for nitrate (Peng et al. 2015) . OPA ammonium samples were collected directly from the Niskin bottles without filtration into PETG bottles that were preconditioned with the OPA reagent. Samples were stored at 4 • C and ammonium concentrations were measured within 24 hours of sample collection. Samples for cyanate and urea concentration analyses were filtered by gravity through a polycarbonate filter (0.2 μm, Millipore) housed in a Swinnex filter holder (47 mm) and attached directly to the Niskin bottle with a short length of silicone tubing. Samples were collected in triplicate, 15 ml, sterile, polypropylene tubes which were rinsed three times with the sample. In the shipboard laboratory, 1 ml of each sample was transferred from the polypropylene tubes into acid-washed [10% hydrochloric acid (HCl)], combusted (450 • C for >6 hours) 4 ml amber borosilicate vials for cyanate analysis. The polypropylene tubes were then transferred to −20 • C, and urea concentrations were measured within one month of sample collection using the diacetyl monoxamine method on an Astoria Pacific nutrient autoanalyzer (Parsons, Maita and Lalli 1984) according to the manufacturer's specifications at Old Dominion University (ODU). Cyanate samples were derivatized in the shipboard laboratory, and derivatized samples were stored at −20 • C until analysis on an HPLC, at ODU, within six months of sample collection (Widner, Mulholland and Mopper 2013; Widner and Mulholland 2017) . The detection limits for urea and cyanate were 80 and 0.4 nM, respectively.
Uptake rates
Ammonium and urea uptake rates were measured at 9 stations, and cyanate uptake rates were measured at 11 stations, using 15 N or 15 N 13 C-labeled substrates as tracers (Lipschultz 2008 Sample handling for anoxic incubations was designed to minimize exchange of ambient air with the sample to avoid oxygen contamination. Samples were transferred directly from Niskin bottles to 3.8 L acid-washed (10% HCl), Helium-purged, gas sampling bags equipped with a nickel-plated hose barb and custom-fitted with a septum (Cole Parmer, EW-0 1409-92) using tygon tubing. Incubations were initiated by the addition of helium-purged 15 N and 15 N 13 C-labeled substrates (30 nM) injected into the septum with a gastight syringe, and samples were incubated in the dark at 12 • C).
After a two (oxic) or three (anoxic) hour incubation, all samples were filtered through a glass fiber filter (GF/F, nominal pore size 0.7 μm) at low vacuum pressure (<127 mm Hg). Filters were not allowed to dry prior to rinsing with low nutrient filtered seawater. Filters were stored at −20
• C, dried at 40
• C and pelletized in tin capsules. These prepared samples were then analyzed on a Europa 20/20 isotope ratio mass spectrometer (IRMS) equipped with an automated carbon and nitrogen analyzer. Unamended water was collected directly from Niskin bottles and filtered to determine the isotope ratio of the initial particulate pool (n = 3). Uptake rates were calculated using a mixing model (Montoya et al. 1996; Mulholland et al. 2006; Mulholland and Lee 2009) . When ambient substrate concentrations were below the limit of detection, the detection limit was used in the uptake calculation, and this may have resulted in an overestimation of some uptake rates. Uptake rate detection limits were calculated for each measurement because they vary based on incubation length, enrichment of the source pool and particulate nitrogen and carbon concentrations (Widner and Mulholland 2017) . Mean detection limits were 0.8 ± 1.4, 0.3 ±0.4, 0.2 ± 0.3, 0.05 ± 0.02 and 0.04 ± 0.02 nmol l −1 h −1 for ammonium, urea N, urea C, cyanate N and cyanate C, respectively, and uptake rates are reported as below the detection limit (b.d.l.) when the calculated rate was less than the detection limit corresponding to that measurement.
Since concentrations of ammonium, urea and cyanate were b.d.l. in many cases and <300 nM in all cases (see Supporting Information) we added the smallest amount of substrate possible (30 nM) to detect enrichment in the particulate phase without depleting the added tracer during incubations. Consequently, the % enrichment of the ambient source pool varied and was sometimes >10%, which could have lead to an overestimation of uptake rates, a common problem in oligotrophic systems (Lipschultz 2008) .
Metagenomes
Metagenomic sequences and assemblies of >0.2 μm samples collected on the same cruise in April 2012 from station 136 (−106.543
• W 17.043
• N, Fig. 1 ) are publically available at GenBank bioproject PRJNA350692 and have been previously published (Fuchsman et al. 2017) . Accession numbers and sample details can be found in Table S1 .
Metagenomic sequences from each sample were assembled independently into larger contigs using two approaches. Denovo assemblies for these samples using the VELVET (1.2.10) assembler (Zerbino 2010) have been previously described (Fuchsman et al. 2017) . Here, we also generated a second independent de-novo assembly for each sample using MEGAHIT v1.1.2 (Li et al. 2015) in paired end mode with a minimum contig length of 500. Though the N50, or median length, was similar to the VELVET assembly (>1300 bp), there were significantly more contigs from this second assembly (Table S1 ). The Prokka annotation pipeline (Seemann 2014) was used for gene calling, which relies on the Prodigal algorithm for identification of coding sequence coordinates (Hyatt et al. 2010) .
The gene for ammonium transport, amt, was nearly ubiquitous in ETNP assembled sequences (data not shown), as is generally the case (von Wirén and Merrick 2004), and is therefore not examined at length in this work. We have examined genes for urea and cyanate utilization, which have not been previously examined in the ETNP. In this paper, cyanate metabolism was examined using cyanase (cynS), a cyanate transporter (cynA), and a putative cyanate transporter (cynX). Urea metabolism was analyzed using urease (ureC) and a urea transporter (urtA). We also examined a bacterial nitrite reductase, nirB, which could represent intracellular detoxification of nitrite and/or reduction of nitrite N prior to its incorporation into biomass via the glutamine synthase/glutamate synthetase pathway (Cabello et al. 2012) . Cyanobacterial specific trees for the ammonium transporter (amt), and the assimilatory nitrite and nitrate reductases (nirA and narB), primarily found in cyanobacteria, were also analyzed. Most groups were identified using the single copy core gene, rpoB. However, glutamine synthase (glnA) was more accurate than rpoB at the cyanobacterial ecotype level and therefore was used to resolve Prochlorococcus ecotypes. The abundances of specific phylotypes of cyanobacterial N assimilation genes (ureC, urtA, amt, nirA, narB) were compared to abundances of specific glnA phylotypes to calculate copies of gene per genome for Prochlorococcus ecotypes.
For each gene of interest, a maximum likelihood amino acid phylogenetic tree was constructed using published full-length gene sequences as well as full or nearly full-length sequences assembled from the metagenomes themselves. Rather than rely on Prokka functional annotations, potential gene sequences of interest were identified from the metagenome assemblies by searching a custom blast database of all our assembled open reading frames using an e-value cut-off of <−60 (Altschul et al. 1997) . Both published full-length amino acid sequences and translated recruited assembled metagenomic sequences were aligned with MUSCLE (Edgar 2004) . Maximum likelihood phylogenetic trees were constructed with the reference sequence alignments of the genes of interest using the program RAxML v. 8.1.20 (Stamatakis 2014) . The trees were constructed with a gamma model of rate heterogeneity, appropriate amino acid substitution models were chosen and bootstrap analyses (n = 100) were performed on each tree.
A phylogenetic placement approach was used to characterize short metagenomic reads related to the targeted genes of interest (Berger, Krompass and Stamatakis 2011) in a semi-quantitative and phylogenetically specific manner (Saunders and Rocap 2016; Fuchsman et al. 2017) . This short read placement approach was used for the April 2012 metagenomic samples, which were collected between 60 and 300 m (Fuchsman et al. 2017) . To expand the vertical coverage of these analyses, we also used the short read placement approach to examine a metagenome from 30 m (<1.6 μm) that was collected in the ETNP in 2013 (station 6 (18
• 54.0 W) (Glass et al. 2015) . Additionally, transcripts from 2 size fractions (0.2-1.6 and 1.6-30 μm) at 5 low oxygen depths from the same station 6 in the ETNP in 2013 were placed on the phylogenetic trees for cynS and ureC. For read placement, the short metagenomic reads were recruited via tblastn search of the metagenomes with an e-value cut-off of ←5 (Altschul et al. 1997) . The reads were trimmed to the edge of the gene of interest, and translated to amino acid space using a python script. Any sequence ambiguities and stop codons were removed. Only sequences longer than 100 bp (33 amino acids) after quality trimming were used. These amino acid translated reads were aligned to the reference sequences in amino acid space using PaPaRa: Parsimony-based Phylogeny-Aware Read Alignment program (Berger, Krompass and Stamatakis 2011) . Following the PaPaRa alignment, paired end reads were combined into one sequence in the same alignment using a python script and placed as one on the tree using the EPA: Evolutionary Placement Algorithm portion of RAxML (Stamatakis 2014) . To take into account differences in sequencing effort between samples and recruitment capacity among the different genes, read numbers were normalized by the universal single copy core gene RNA polymerase (rpoB) and by gene length. 
Since RNA polymerase is, to our knowledge, present as a single copy gene in all bacterial and archaeal genomes, normalization of a target gene occurrence to RNA polymerase abundance indicates the percentage of the prokaryotic community that contains the gene of interest. This normalization allows our placements to be quantitative in a relative manner. We do not take into account that the number of prokaryotic cells may, and undoubtedly do, change with depth. The rpoB tree used here for read placement can be seen in Fuchsman et al (2017) .
RESULTS
Hydrography and dissolved nitrogen concentrations
For most of the cruise transect where samples were collected, the anoxic zone was 700 m thick or greater (Tiano et al. 2014) . At the offshore stations, where we measured uptake rates and the metagenomic profile (BB2 and 136, respectively), the anoxic zone extended from 105 to 820 m; however, the ODZ shoaled at coastal stations, making the ODZ even thicker there (Tiano et al. 2014) . Satellite chlorophyll a concentrations were more than 100 times higher along the coast than in the offshore region (Fig. 1) . In addition to a primary chlorophyll a maximum centered around 70 m, there was a secondary chlorophyll a maximum of similar magnitude (>3 mg m −3 ) in the upper ODZ at ∼110 m at the majority of offshore stations (Fig. 2) . The base of the euphotic zone (1% PAR) was always shallower than the ODZ and was located at approximately 78 m at the offshore stations and approximately 30 m at the coastal stations (data not shown). At many stations, low levels of light (<1% PAR) penetrated the upper ODZ. At nearshore and offshore stations, nitrate concentrations increased from below the limit of analytical detection in surface waters to >20 μM within the ODZ (Fig. 2) (Peng et al. 2015) , despite active denitrification (Babbin et al. 2015) . At most stations, there was a primary nitrite maximum in oxic waters (0.9-1.6 μM) and a much larger secondary nitrite maximum within the ODZ (up to 6 μM offshore and 8.5 μM near the coast) (Babbin et al. 2015; Horak et al. 2016) . Although the greatest nitrite concentrations were measured in the upper 100 m of the ODZ, nitrite was detectable over a broad depth range within the ODZ (from the upper ODZ to ∼300-400 m; Fig. 2) . Ammonium, urea and cyanate concentrations were low-nanomolar or undetectable throughout most of the water column but "peaks" in their concentrations generally occurred within the upper oxycline and in the lower portion of the euphotic zone (20 to 100 m; Fig. 2 For ammonium, maxima were detected at 78% of stations using the indophenol method (40 ± 23 m), and no additional subsurface maxima were identified when ammonium concentrations were measured with the more sensitive OPA method. Subsurface urea and cyanate maxima were detected at 79% of stations sampled for urea (55 ± 42 m) and at 100% of stations sampled for cyanate (51 ± 34 m), respectively. Due to the high detection limit of urea (80 nM) compared to cyanate (0.4 nM) and ammonium (10 nM), additional urea features may go undetected. At nearshore stations, the mean ammonium concentration at the subsurface maximum (630 ± 410 nM) was significantly greater than that at the offshore stations (180 ± 130 nM, P < 0.001). There was no significant difference between nearshore (800 ± 600 nM) and offshore (500 ± 400 nM) urea concentrations at the subsurface maximum (P = 0.283), although nearshore urea maxima were significantly shallower than offshore maxima (21 ± 16 and 96 ± 18 m, respectively, P < 0.001), likely due to physical differences in the water column structure. For cyanate, no significant difference was detected between the magnitude of the subsurface maxima at nearshore (25 ± 17 nM) and offshore (17 ± 3 nM) stations (P = 0.093).
In addition to these subsurface maxima, cyanate peaks of variable shapes were observed within the ODZ at 4 nearshore stations (125, 128, 129 and 132) and 1 offshore station (135, Supporting Information). Urea peaks were also observed within the ODZ at 5 stations (stations BB1, cast 125, 128, 135 and 173, Supporting Information) and just below the base of the ODZ at three offshore stations (163, 168 and 173) where oxygen concentrations were 14, 18 and 14 μM, respectively (Fig. S2 , Supporting Information). No detectable ammonium or cyanate concentrations coincided with these substantial urea maxima, even though ammonium and cyanate are degradation products of urea (Dirnhuber and Schutz 1948) .
Ammonium concentrations were horizontally, vertically and temporally variable (Fig. S3, Supporting Information) . At 5 CTD casts taken in roughly the same offshore location (within 1
• latitude and longitude of each other) the magnitude of the subsurface ammonium maximum ranged from 130 to 330 nM, and the depth of the feature ranged from 20 to 120 m over a 7 day period (Fig. S3, Supporting Information) . In contrast, the secondary chlorophyll a maximum was relatively constant in position and magnitude (Fig. S3 , Supporting Information).
Uptake rates
In the oxygenated water column, ammonium uptake rates (24 ±19 nmol N l −1 h −1 ) were not significantly different from urea N uptake rates (42 ± 54 nmol N l
t-test, 2-tailed, P = 0.229), but both were significantly greater than cyanate N uptake rates (1.4 ± 2.0 nmol N l
by a factor of ten or more (P < 0.001 and P = 0.009 for ammonium and urea, respectively; Fig. 2 and Table 1 ). Urea C uptake rates (3.4 ± 5.4 nmol l −1 h −1 ) were also significantly greater than cyanate C uptake rates (0.5 ± 0.7 nmol l −1 h −1 ; P = 0.032) in oxic euphotic waters. N uptake from urea was significantly greater than urea C uptake by approximately one order of magnitude (P = 0.010), but cyanate N and C uptake were not significantly different from each other (P = 0.578). Ammonium uptake rates from the nearshore stations (34 ± 19 nmol N l −1 h −1 ) were significantly higher than ammonium uptake rates from the offshore stations (7.8 ± 3.7 N l −1 h −1 , P < 0.001), as were urea N uptake rates (59 ± 60 and 8.9 ± 6.4 nmol N l −1 h −1 , on and offshore, respectively, P = 0.018; Fig. 2 ; Table 1 ).
Cyanate N and C and urea C uptake rates were not significantly different between on and offshore stations. In the ODZ, N uptake from cyanate was b.d.l. for 7 of 8 measurements made and <0.1 nmol N l −1 h −1 when it was detected.
In contrast, cyanate C uptake was detectable at all ODZ stations and depths (0.4 ± 0.3 nmol C l −1 h −1 ; n = 8) ( Fig. 2 ; Table 1 ).
Ammonium and urea uptake rates were measured in the ODZ at one nearshore station, where they were lower than rates in the upper oxic zone and oxycline (station 105; Table 1 ).
Metagenomes-urea utilization
Urease (ureC) and a urea transporter gene (urtA), were identified in diverse groups of organisms throughout the water column ( Fig. 3; Fig. S4 , Supporting Information). Overall, approximately 20% of the community had ureC, while only ∼10% of the community had urtA. The shapes of the ureC and urtA profiles were similar and relatively uniform with depth aside from small maxima just above the ODZ (Fig. 4A) . ureC genes were identified for cyanobacteria (up to ∼12% community), Marine Group I (MGI) Thaumarchaeota (up to ∼10% community), Nitrospina (up to ∼2.5% community), station Aloha fosmid EF107103 whose best BLAST hit was to a SAR11 genome (CP020777 Candidatus Pelagibacter sp. RS39; E value = 0.0; NCBI Figure 2 . Concentrations and uptake rates for dissolved N at five day stations BB1 (nearshore) and BB2 (offshore; Fig. 1 ). Shown are chlorophyll a, nitrate and nitrite concentrations at stations BB1 (A) and BB2 (E); OPA ammonium concentrations and ammonium rates from multiple casts at stations BB1 (B) and BB2 (F); urea concentrations and uptake rates from multiple casts at stations BB1 (C) and BB2 (G); and cyanate concentrations and uptake rates from multiple casts at stations BB1 (D) and BB2 (H). Nitrate and nitrite concentrations are from casts 125 and 141, at BB1 and BB2, respectively. Ammonium, urea and cyanate concentrations and uptake rates were measured on multiple casts at each station (see Table1 nt database; up to ∼6% community), an unknown alphaproteobacteria identified as ODZ SAR11 (up to ∼7% community), the Cytophaga-Flavobacterium-Bacteroidetes clade (CFB, up to ∼6% community), uncultivated gamma proteobacteria (up to ∼9% community) and a completely unknown phylotype (up to 5% community; Figs 4 and 5). A phylogenetic tree of an additional urease component, ureD, indicated that ureD on one of our assembled alphaproteobacterial ureC-containing contigs (120m k141 404 008) was closely related to ODZ SAR11 Single Amplified Genome B3 (Tsementzi et al. 2016) (Fig. S5, Supporting Information) . This incomplete SAG does not include the urease gene ureC but does include ureD, ureE, ureF and ureG genes. For this paper, the ureC from ETNP assembled contig 120m k141 404 008 is dubbed ODZ SAR11. ODZ SAR11 ureC gradually increased with depth to ∼7% of the total community at 300 m (Fig. 4D) . However, SAR11 rpoB composed up to 60% of the community in the ODZ ( Fig. 4D ; Fuchsman et al. 2017) , indicating that only a fraction of ODZ SAR11 have the potential to use urea.
The relative abundance of cyanobacterial ureC and urtA genes peaked at 90 m (Fig. 4B) . When compared to single copy core gene glnA, cyanobacterial ureC and urtA were present at approximately 0.25 copies per genome above 80 m and approximately one copy per genome below 80 m (Fig. 4B) , Table 1 . Uptake rates for ammonium, urea and cyanate. At stations BB1 and BB2, uptake rates were measured on multiple casts. Rates that were below the limit of detection are indicated as b.d.l., and rates that were not measured are indicated as n.a. The average deviations (n = 2) are indicated in parentheses. likely due to changes in Prochlorococcus ecotypes with depth. Low Light I (LLI)Prochlorococcus ureC was present in oxic waters (6% of community) at 0.5 copies per genome when compared to the LLI phylotype of single copy core gene glnA (Fig. 5B) , and LLI Prochlorococcus urtA was present at 0.3 copies per genome (data not shown). When compared to the Low Light IV (LLIV) phylotype of single copy core gene glnA, the ureC and urtA genes from the LLIV Prochlorococcus ecotype were found at 1 copy per genome just above and within the ODZ (Fig. 5C ). Large (>10 Mb) assembled contigs containing LLIV Prochlorococcus ureC contained all other subunits of the urease enzyme (Fig. S6, Supporting Information) .
A maximum in MGI ureC was located at 100 m, just above the ODZ, corresponding to the maximum in MGI rpoB (Fig. 4C) . MGI ureC was present at approximately 1 copy per genome at all depths, when compared to MGI rpoB, implying that all Marine Group I Thaumarchaeota in the ETNP could utilize urea (Fig. 4C) . Large (>10 Mb) assembled contigs containing Marine Group I Thaumarchaeota ureC contained all other subunits of the urease enzyme (Fig. S6) . Nitrospina ureC peaked in relative abundance at the top of the ODZ, as did the relative abundance of Nitrospina rpoB with ureC ranging from 1 copy per genome at 90-100m to 0.4 copies per genome deeper in the water column (Fig. 5A) .
Gammaproteobacteria reached peak relative abundance of ureC within the ODZ, while the relative abundance of CFB ureC was highest in oxygenated waters at 70 m (Fig. 4E) . The relative abundance of one unaffiliated ureC phylotype reached 5% of the community between 140 and 180 m (Fig. 4F) . Large (>10 Mb) assembled contigs containing this unknown bacterial ureC also contained all other subunits of the urease enzyme (Fig. S6 , Supporting Information), supporting the functionality of the urease.
We identified ureC genes in a metagenome collected at a coastal ETNP station at 30 m (oxic layer) for the small size fraction (<1.6 μm) in 2013 (Glass et al. 2015 ; Fig. S7 , Supporting Information). 19% of this community contained ureC, and the majority of ureC metagenomic reads in this sample placed to cyanobacteria and alphaproteobacteria (7% and 8% community as determined by rpoB, respectively). Ammonia oxidizing archaea ureC was also present (2% community). The primary alphaproteobacterial urease found in this sample was most closely related to the Station ALOHA SAR11 fosmid (EF107103; 6% community). The main cyanobacterial ureC found in this sample belonged to an HL ecotype of Prochlorococcus (5% community) and Synechococcus (2% community).
Our analysis of the small size fraction (<1.6 μm) transcriptome from 2013 revealed that a plurality of ureC transcripts (19 of 40 total ureC transcripts) belonged to the unknown ODZ group identified in our 2012 metagenome (Fig. 4F ) and were located between 125 and 300 m. The remainder of the ureC transcripts from 2013 were attributed to Prochlorococcus, oxic SAR11, Nitrospina, other alphaproteobacteria and Verrucomicrobia (13, 3, 2, 2 and 1 transcripts, respectively).
Metagenome-cyanate utilization
The cyanase gene, cynS, was present at all depths sampled (Fig. 6) . A small amount of the known cyanate transporter, cynA (0.4% of the total community), was found in the oxycline (90 m), but not in the anoxic zone (<0.1%), and the putative cyanate transporter, cynX (Pao, Paulsen and Saier 1998) , was not present in these metagenomes.
Above the ODZ, most cynS was attributed to Aureococcus anophagefferens (2% of total community) and Nitrospina, for which cynS peaked at 100 m, coincident with the base of the oxycline (∼1.5% of total community; Fig. 6 ). A small quantity of LLI Prochlorococcus cynS was present at 60 m (Fig. 5B) . Scalindua and Nitrospina were the only taxa identified for cynS within the ODZ (Fig. 7) . The largest source of cynS (>12% of the total community and ∼95% of the cynS community in the ODZ) was from a well-supported clade containing Scalindua at approximately 1 copy per Scalindua genome, as determined by Scalindua rpoB, (Fig. 5) , suggesting that all Scalindua in the ETNP can utilize cyanate. Scalindua and Nitrospina cynS are more closely related to eukaryotic algae than other bacteria (Fig. 7) , and bootstraps support that Scalindua cynS clusters in the middle of two Nitrospina cynS clades, implying transfer of cynS from Nitrospina to Scalindua. However, cynS containing contigs from Nitrospina and Scalindua are not otherwise similar (Fig. S8, Supporting Information) .
We also identified cynS genes in a metagenome collected at a coastal ETNP station at 30 m (oxic layer) for the small size fraction (<1.6 μm) in 2013 (Glass et al. 2015 ; Fig. S7 , Supporting Information). The majority of cynS metagenomic reads (3% community) were derived from Synechococcus (2% community), and a small number of reads were attributable to alphaproteobacteria and a HL ecotype of Prochlorococcus.
Additionally, 43 cynS transcripts from the small size fraction (<1.6 μm) at a coastal station in the ETNP in 2013 were placed on our phylogenetic tree. 38 Scalindua cynS transcripts were present, spanning 100-300 
Additional N assimilation capabilities
Both LLI and LLIV Prochlorococcus ecotypes contained the genes for utilization of multiple N sources in addition to urea. In oxic waters, the LLI Prochlorococcus ecotype contained approximately 1 copy per genome of the ammonium transporter (amt; Fig. S9 , Supporting Information), 0.4 copies of assimilatory nitrite reductase (nirA; Fig. S10, Supporting Information) per genome, and 0.01 copies of cyanase (cynS) per genome (Fig. 6 ) when compared to the LLI ecotype of single copy core gene glnA. This LLI Prochlorococcus cynS was present at low levels in the oxycline (<2%) and anoxic zone (<1%). The assimilatory nitrate reductase gene, narB (Fig. S11, Supporting Information) , was not found for LLI. For the LLIV Prochlorococcus ecotype, amt and nirA were present at multiple copies per genome (Fig. 5C) , and LLIV narB was identified at 1 copy per genome (Fig. 5C ) when compared to the LLIV ecotype of single copy core gene glnA,. Additionally several amino acid transporters were identified on the Prochlorococcus contigs (Fig. S6, Supporting Information) . In addition to genes for urea and cyanate utilization, Nitrospina also contained an assimilatory nitrite reductase (nirB / nasD) at 0.7 copies per genome when compared to Nitrospina rpoB ( Fig. 5A; Fig. S12 , Supporting Information). Overall, up to 12% of the community possessed nirB/nasD in the ODZ (Fig.   S13 , Supporting Information), implying a niche for nitrite utilization there.
DISCUSSION
In the absence of ammonium, simple organic nitrogen compounds, such as urea and cyanate, may be preferred N sources because they contain reduced N which can be directly assimilated into biomass without metabolically costly reduction steps (Mulholland and Lomas 2008; Glibert et al. 2016) . In this study of the ETNP, urea and cyanate N and C were taken up above and within the ODZ, and the genes for utilization of both urea and cyanate were present at all depths sampled, although the genes for urea utilization were more widespread than those for cyanate (Figs 3-7) . In general, the distributions of ammonium, urea and cyanate were suggestive of biological utilization with low surface concentrations where uptake rates were highest and subsurface maxima near the base of the euphotic zone. Concentrations were largely depleted in the ODZ, which may indicate tight coupling of production and consumption, as has been shown for ammonium and urea (Bronk and Steinberg 2008) . Our study demonstrates that the microbial community of the ETNP ODZ can use urea and cyanate. However, the quantitative significance of urea and cyanate utilization within ODZs ultimately depends on the fluxes of urea and cyanate into the ODZ, which is largely unknown. The most likely source of ammonium, urea and cyanate to ODZs is degradation of sinking particulate organic matter (Cho and Azam 1995; Widner, Mulholland and Mopper 2016) . However, ammonium and urea could also be supplied to the ODZ via excretion by migratory animals, such as lantern fish and zooplankton (Bianchi, Babbin and Galbraith 2014; Maas et al. 2014; Babbin et al. 2017) . High zooplankton biomass was previously observed in the ETNP just below the ODZ (Wishner et al. 1995) . A zooplankton population at that depth could explain the micromolar urea peaks that we observed just below the ODZ (Fig. S2 ) and could directly supply ammonium and urea, as well as cyanate, as the degradation product of urea (Dirnhuber and Schutz 1948) , to the lower ODZ.
In the ETNP in this study, Prochlorococcus above and within the ODZ had the genes to utilize a variety of nitrogen sources. Many cultured Prochlorococcus strains can only assimilate ammonium and urea (Moore et al. 2002 ) while a few can also assimilate nitrite or nitrate (Martiny, Kathuria and Berube 2009; Berube et al. 2015) . Prochlorococcus urea and nitrate reductase genes (ureC and narB) have been previously found in LLIV Prochlorococcus genome fragments in the ETSP ODZ (Astorga-Eló et al. 2015) . We found that the LLIV ecotype of Prochlorococcus in the ETNP ODZ had genes for urea and nitrate utilization at 1 copy per genome. In addition, some LLIV phylotypes of ammonium and nitrite utilization genes were present in greater abundance than LLIV core genes (Fig. 5 ). This suggests that these genes are either present in multiple copies per LLIV genome or that they have been recently horizontally transferred to other microbes or viruses. Additionally amino acid transporters were found on urease containing assembled contigs from Prochlorococcus (Fig. S6 , Supporting Information), implying that Prochlorococcus within the ODZ may be able to use amino acids as a N source. Prochlorococcus have been shown to take up amino acids in the oligotrophic ocean (Zubkov et al. 2003; Zubkov, Tarran and Fuchs 2004) . Cyanate genes were previously identified in high light (HL) Prochlorococcus clades (Kamennaya and Post 2013) , and we found a small number of cynS reads from HL Prochlorococcus in the 30 m sample from 2013 (Glass et al. 2015) . Within the oxycline a small amount of Prochlorococcus cynS (0.03-0.14 copies per genome; Fig. 5 ) was detected and belonged to the LLI Prochlorococcus clade. No cynS reads were from LLIV Prochlorococcus.
In this study, the genetic potential for dissimilatory utilization of urea and cyanate was identified in the upper oxycline and ODZ. Ammonia oxidization within the upper oxycline of the ETNP from station 136 was solely attributed to ammonia oxidizing archaea, Marine Group I Thaumarchaeota, rather than bacteria (Peng et al. 2015) , and recently, it was shown that ammoniaoxidizing archaea can oxidize urea N in addition to ammonia (Alonso-Sáez et al. 2012; Qin et al. 2014) , and some Marine Group I Thaumarchaeota can incorporate urea C into biomass (Seyler et al. 2018) . In this study, archaeal ureC was present at approximately 1 copy per MGI genome (Fig. 4) , indicating that all the ammonia oxidizing archaea in the ETNP have the potential to use both ammonia and urea as reductant. This versatility may help these archaea survive in an environment where both ammonium and urea are found sporadically (Fig. 2 and Fig.  S3 ). Although oxidation of cyanate N has been demonstrated in a cultured terrestrial ammonia oxidizing archaea (Palatinszky et al. 2015) , no archaeal cynS were identified in this system.
The nitrite oxidizer, Nitrospina, contained an assimilatory nitrite reductase along with urease and cyanase genes (Fig. 5) , indicating a versatility that likely reflects the variability in reduced N species in the ODZ system (Fig. 2) . Although reduction of nitrite and nitrate to ammonium is energetically expensive, nitrite and nitrate are more consistently available than reduced N in the ODZ ( Fig. 2 ; Horak et al. 2016) . Thus, Nitrospina is capable of using reduced N for assimilation when it is present and nitrite when reduced N is absent.
Within ODZs, ammonium is anaerobically oxidized through the dissimilatory anammox process by Scalindua (van de Vossenberg et al. 2013) . Our data indicates that the largest source of cynS reads was from a clade containing Scalindua, and there was approximately one copy of cynS per Scalindua single copy core gene, rpoB, indicating that all anammox bacteria in the ETNP could potentially use cyanate (Fig. 6) . The observed cyanate distributions were non-conservative, with peaks above the ODZ and depletion within the ODZ, suggesting cyanate consumption within the ODZ at the same depths where Scalindua cynS was most abundant (Fig. 6) . In support of these data, Scalindua cynS transcripts dominated cynS expression at a coastal station in the ETNP in 2013 . Despite these observations, neither the known (cynA) nor the putative (cynX) cyanate transporter are present on the Scalindua genome (van de Vossenberg et al. 2013) nor were any reads from these genes identified in the ETNP, indicating that Scalindua may use a different transporter for cyanate uptake. For example, a formate/nitrite transporter has been suggested as an alternate cyanate transporter (Spang et al. 2012) . In the absence of a transporter, the CynS enzyme could serve solely to decompose cyanate generated by intracellular processes, but this does not account for cyanate uptake in the ODZ or the diminished cyanate concentrations observed there in this study.
Our cynS phylogenetic tree suggests horizontal gene transfer of cynS between eukaryotic algae, Nitrospina and Scalindua (Fig. 7) . In a Nitrospina cynS-containing ETNP contig from 120 m in 2013 (Tsementzi et al. 2016) , cynS was adjacent to a transposase and a nitrite transporter (nirC) (Fig. S8, Supporting Information) . The presence of the transposase is consistent with horizontal transfer of cynS between eukaryotic algae and Nitrospina. The clustering of these groups was seen previously (Pachiadaki et al. 2017) , and Scalindua and Nitrospina often co-exist in low oxygen and anoxic environments (Fuchsman et al. 2011; Füssel et al. 2012; Hawley et al. 2014; Ganesh et al. 2015) . Horizontal gene transfer of cynS is also believed to have occurred between cyanobacteria (Kamennaya and Post 2011) .
Cyanate N and C uptake data in the ODZ suggest that cyanate is used for an anaerobic dissimilatory N process, likely anammox, in the ETNP. Cyanate N uptake was either undetectable or very low in the ODZ ( Fig. 2; Table 1 ), but cyanate C uptake rates were detected in all ODZ samples (0.4 ±0.3 nM C h −1 ) and were at least one order of magnitude higher than previously observed cyanate C uptake rates from the ETSP ODZ (0.05 ± 0.00 nmol C l −1 h −1 ) (Widner, Mordy and Mulholland 2017) .
Cyanase converts cyanate to ammonium and carbon dioxide (Anderson, Sung and Fuchs 1990) , which can be assimilated by nearly any organism and by autotrophs, respectively. Given the scarcity of reduced N in this system, the ubiquity of ammonium assimilation pathways (Berges and Mulholland 2008) , and the low cyanate concentrations relative to dissolved carbon dioxide (a difference of at least three orders of magnitude (Emerson and Hedges 2008)), it is unlikely that an organism would use the carbon dioxide but release the ammonium. The most likely explanation for C uptake in excess of N uptake is dissimilatory utilization of cyanate N by an anammox bacterium. 29 N 2 production from 15 N labeled cyanate was observed in the ETSP ODZ (Babbin et al. 2017 ) from a cyanate-supported anammox (cyanammox) process (Widner, Mordy and Mulholland 2017) . Anammox bacteria require 15 moles of ammonium (or cyanate-derived ammonium) for every mole of carbon dioxide that they fix (van Niftrik et al. 2004) . Using this ratio, we calculated that the moles of ammonium required to account for the observed ETNP ODZ cyanate C fixation, would have resulted in 202 ± 114 and 49 ± 12 nM N d −1 of N loss in the onshore and offshore regions, respectively. These rates are two orders of magnitude higher than the potential anammox rates measured during this same cruise in the ETNP ) and the anammox and cyanammox rates from the ETSP (Babbin et al. 2017) . Even the smaller offshore calculated rate would produce more N 2 gas per year (18 μM) than is thought to accumulate in the ETNP ODZ over a multi-year residence time (14 ± 2 μM; Chang, Devol and Emerson 2012) . However, in situ rates of cyanate-, and ammonium-supported anammox and uptake depend on the in situ production rates of these compounds, which are not well known. In any event, anammox bacteria appear to be poised to use cyanate if available. Previous environmental evidence from stable isotope probing suggests that some SAR11 types can utilize urea (Connelly et al. 2014) , although none of the sequenced complete SAR11 genomes indicate urea utilization. Several types of SAR11 were found in the ODZ, and all were heterotrophic nitrate reducers (Tsementzi et al. 2016) . The incomplete ODZ SAR11 Single Amplified Genome B3 does not include the urease gene ureC but does include ureD, ureE, ureF and ureG genes (Tsementzi et al. 2016) . We found evidence for potential urea utilization in two different SAR11 types, operationally defined here as oxic and ODZ. The oxic SAR11 ureC reached 6% of community in oxic waters (Fig. 4D ). There was a maximum in ODZ SAR11 ureC in the ODZ at 300 m (∼7% of the total community; Fig. 4D ). However, since SAR11 was so abundant in the water column ( Fig. 4D ; Fuchsman et al. 2017) , only ∼10% of the SAR11 in the ODZ and <10% of the oxic SAR11 appear to have the potential to use urea.
All the identified autotrophs from the ETNP ODZ had an assimilation pathway for an N source other than ammonium. The genetic potential for urea utilization was taxonomically widespread and possessed by up to 20% of the community, including ammonia-oxidizing Thaumarchaeota, while anammox bacteria (Scalindua) were responsible for the majority of cyanase genes (cynS) in the ODZ. Two key autotrophs in this system were versatile in their N assimilation abilities with LLIV Prochlorococcus in the ODZ possessing the genes to assimilate nitrate, nitrite and urea, and Nitrospina possessing the genes to assimilate nitrite, urea and cyanate. The evidence presented here, in combination with previously reported uptake and "cyanammox" rate measurements (Babbin et al. 2017; Widner, Mordy and Mulholland 2017) , indicates that urea and cyanate are utilized by ODZ microbes in key N cycle processes that may alter our understanding of N loss pathways in pelagic ODZs.
